, the discovery of biofilm-specific antidomonas aeruginosa PA14 was executed in 384-well microbials to contend with pathogenic, biofilm-forming plates. Among those compounds, ferric ammonium bacterial species is of particular importance. Herein, we citrate inhibited biofilm formation in a dose-depenreport the discovery that iron salts are efficient inhibident manner; other iron salts functioned similarly. In tors of biofilm formation in P. aeruginosa, disrupt preaddition to biofilm inhibition in static culture, preformed biofilms, and prevent biofilm formation in P. aergrown biofilms could be disrupted and cleared by uginosa strains taken from the sputum of CF patients. switching to iron-rich media in flow-chamber experiThis data serves to bolster a growing base of literature ments. Furthermore, P. aeruginosa strains taken from linking iron availability with virulence-factor production the sputum of 20 CF patients showed a similar reand biofilm formation in P. aeruginosa. sponse to elevated iron levels. Previous expressionprofiling analyses demonstrated that high levels of Results and Discussion iron repress the expression of genes whose products are essential for scavenging iron and that expression A microtiter plate-based assay was used to screen a of these genes is critical for virulence. Our results, collection of small molecules (see http://scs.uiuc.edu/ combined with existing transcriptional-profiling data, wphgroup/comcollections.html for compound identinow indicate that elevated iron concentrations reties) for those that would specifically prevent or disrupt press the expression of certain genes essential for biofilm formation in P. aeruginosa. Known protocols for biofilm production in P. aeruginosa. 
mary screen that retarded biofilm production and gave sidering that iron starvation (by lactoferrin chelation) had previously been found to inhibit biofilm production no growth inhibition by OD 600 . No compounds were found to enhance biofilm production. These six comin P. aeruginosa [18] , we sought to corroborate this result with additional demonstrations of excess iron inpounds were retested for dose dependence with the same microtiter-plate adherence assay, this time in a hibiting P. aeruginosa biofilm production. A marker signifying biofilm production in P. aerugi-96-well format. From this testing, ferric ammonium citrate (FAC) was found to provide reproducible and dosenosa is the development of resistance to killing by antibiotics [18] . Static cultures of P. aeruginosa were grown dependant inhibition of P. aeruginosa biofilm formation.
We were intrigued to find, in a library containing an in 10 ml polystyrene culture tubes at varying concentrations of FAC for 48 hr before treating with 60 g/ml of array of drug-like molecules, that a simple ionic compound showed moderate potency (IC 50 z 60 M) in the antibiotic tobramycin for 5 hr. This concentration of antibiotic would destroy planktonic bacteria but not suppressing biofilm production. Testing ammonium chloride, citric acid, ammonium citrate, and sodium citrate those that had formed biofilms [18] . At the end of the 5 hr tobramycin treatment, the tubes were shaken and in dose-dependence assays showed that neither ammonium nor citrate ion were responsible for the inhibivortexed to homogenize biofilms and planktonic bacteria and then quickly diluted and plated onto fresh tryption. Conversely, when iron salts (ferric chloride, ferric sulfate, ferrous sulfate) were examined, their effects tic soy agar (TSA) plates to assess survival of the cells in each tube. Increased sensitivity to tobramycin was mirrored that of FAC (Figure 1) . FAC was also found to exert its antibiofilm effects on glass surfaces (Figure displayed as FAC concentration increased (Figure 3) , substantiating that FAC prevented biofilm formation in 1, inset). Growth rates of P. aeruginosa PA14 were not significantly affected over the range of 0-500 M iron a dose-dependent manner. Control experiments in the absence of tobramycin showed no inhibition of bacte- (Figure 2) , and control 48 hr static cultures in polystyrene tubes at low and high iron show high and low rial growth from 0-500 M FAC. No synergy was detected between FAC and tobramycin; MIC tests of toCFUs, respectively, of biofilm bacteria with plate counts (data not shown), indicating that iron does not simply bramycin on planktonic P. aeruginosa PA14 at 0 and 500 M FAC result in the same value of 1.2 g/ml. interfere with CV staining of present biofilms. Based on this evidence, we determined that iron itself was the Another common method for cultivating and examining biofilms is the use of a flow-chamber device. We source of the inhibition of biofilm production. Con- A culture of PA14 at OD 600 = 0.5 was diluted 1:100 into T-broth media containing varying iron. Cultures were shaken, and aliquots were taken and measured at the time points indicated. At 0 and 60 min, no significant difference from media blanks was observed. Through CFU plate counts, we determined that 3.5 × 10 8 CFU/ml corresponds to OD 600 z 1. used a commercially available flow-channel device in chamber in a single unequivocal experiment [18] . When grown in 50% T-broth containing 300 g/ml carbenicilwhich biofilm grows on a microscope cover slip. Seeded into the flow chamber and allowed to grow for 5 days lin for plasmid maintenance and 1 mM IPTG to ensure eGFP expression, the growth and disruption of biofilm in 50% T-broth media under conditions of low flow (4 ml/h), P. aeruginosa PA14 formed robust biofilms that could be monitored during flow by fluorescence microscopy. Fluorescence images confirm that at 5 were easily visualized by rinsing, heat fixing, and staining with crystal violet after disassembly of the flow days (before addition of FAC), biofilm growth has proceeded readily, with confluent cell growth evident (Figchamber (Figure 4A ). 10-day biofilms grown in like manner were similarly robust and easily visualized by fixing ure 5A). After 5 days, the chamber was fed with media containing carbenicillin, IPTG, and 200 M FAC. At 8 and staining ( Figure 4B ). Conversely, attempts to cultivate biofilms in iron-rich media (50% T-broth + 200 M days, it was unambiguous that disruption of the biofilm had occurred ( Figure 5B), and by day ten, the biofilm FAC) produced no biofilm growth ( Figure 4C ). Furthermore, biofilms that were pregrown for 5 days without was completely vanquished ( Figure 5C ). Distinct clinical isolates of the organism from the iron supplementation to the media and then subjected to 200 M FAC in 50% T-broth for 5 additional days sputum of 20 CF patients at a local hospital were obtained and tested for dose-dependent response to iron were completely cleared ( Figure 4D ). This experiment suggested that disruption of pre-existing biofilm by in biofilm production to demonstrate iron's ability to inhibit biofilm formation across multiple strains of P. aeru-FAC had occurred. P. aeruginosa PA14 was transformed with lac-conginosa. Seventeen of these strains produced significant biofilm in the microtiter plate test in 96-well plates, and trolled eGFP plasmid pMRP-9 in order to observe formation and subsequent disruption of biofilm in the flow dose-dependent inhibition of biofilm formation was to the secondary screen for dose dependence except that plates were examined at varying times from 0 to these isolates were mucoid, and all isolates showed similar doubling times.
48 hr. This data shows that initial attachment is not impaired because biofilms at 0 and 250 M iron are virtu-P. aeruginosa PA14 biofilm inhibition was monitored ally identical at 10 hr. After initial biofilm formation, dence experiments monitored after 48 hr biofilm growth). Also, twitching motility has been shown to be vital to however, iron powerfully disrupts the process of biofilm formation; biofilms at 48 hr in 250 M iron are almost the process of biofilm formation in P. aeruginosa [19] . Twitching motility was assessed in varying iron concencompletely vanquished (as seen in earlier dose-depentrations as previously performed [20] . Stab cultures on TSA plates with 1% agar showed impaired twitching at elevated iron concentrations at 24 hr ( Figure 7B ). This study gives ample evidence supporting the importance of iron as it relates to biofilm formation in P. aeruginosa. Singh and coworkers showed that in the virtual absence of iron (because of chelation by lactoferrin), Pseudomonas cannot form biofilms [18] . Indeed, lactoferrin also inhibited biofilm formation in our static culture dose-dependence assays (data not shown), presumably by starving the bacteria of iron required for biofilm formation. Our findings have revealed that excess iron has the same biofilm-inhibiting effect, indicating that biofilm formation in P. aeruginosa is optimal over a limited range of iron concentrations (from z1-100 M), above and below which the organism can exist only in a planktonic state.
The effectiveness of FAC in inhibiting biofilm growth in a majority of these clinical isolates of P. aeruginosa naturally arouses curiosity about a possible role for iron in the treatment of CF. In most cases, the use of iron to improve the course of bacterial infections has been discouraged because lack of iron is often a growth-limiting factor for bacterial growth in vivo [21] . Furthermore, a mutant of P. aeruginosa PAO1 deficient in producing the iron-chelating siderophore pyoverdin grew poorly in an immunosuppressed mouse infection tional testing on strains of Pseudomonas aeruginosa Interestingly, in P. aeruginosa, there is a direct correfrom CF patients, iron's effects were found to be genlation between the expression of iron acquisition genes eral: 14 of 17 strains that formed significant biofilm and virulence-factor production and pathogenesis. For also displayed a dose-dependent decrease of biofilm example, in addition to its role in scavenging iron, production in response to FAC. These results add to secreted pyoverdin signals for the production of viruthe mounting evidence indicating that iron levels diclence factors that are critical to the ability of this pathotate virulence of P. aeruginosa: extreme iron starvagen to cause disease [28] . Transcription of pvdS is dition (through total chelation of iron) inhibits biofilm rectly regulated by iron levels; thus, the PvdS protein is production, moderate iron concentrations allow for only synthesized (and, hence, pyoverdin is only probiofilm production and are critical for virulence, and duced) under conditions of iron starvation [26, 28] . Alnow we show that high concentrations of iron powerthough not without controversy, evidence indicates that fully inhibit biofilm production, likely through the relow levels of free iron in the lung are important for pression of various genes involved in iron scaveng-P. aeruginosa virulence in CF [ Plates were incubated in a humidified chamber at 37°C for 48 hr was changed to 50% T-broth, 300 g/ml carbenicillin, 1 mM IPTG, and 200 M FAC, the flow was continued, and the cell was moniand then examined via a multiwell plate reader at OD 600 . Wells that showed no turbidity were classified as antibiotics and dismissed tored by fluorescence microscopy after 3 and 5 more days. from further analysis as biofilm disruptors. After noting all antibiotics, the plates were gently rinsed under lukewarm tap water to reAcknowledgments move planktonic and loosely adherent organisms. The plates were then shaken dry and each well of each plate stained with 110 l of We wish to thank Professor Roberto Kolter (Harvard Medical a 0.1% crystal violet solution in water. After allowing the stain to School) for supplying the P. aeruginosa PA14 strain, Carle Foundaadhere to the biofilms for 5 min, each plate was again rinsed gently tion Hospital (Urbana, IL) for the gift of the clinical isolates of under lukewarm water until no more stain could be rinsed from the P. aeruginosa, and Professor E.P. Greenberg (University of Iowa) for plate. Each plate was again shaken dry, inverted, and allowed to the gift of the pMRP-9 plasmid DNA. This work is supported by the dry thoroughly for 15 min. 
